Abstract Although H. pylori has been recognized as a class I carcinogen, incongruence between infection prevalence and cancer incidence has been reported. Holcombe called attention to the high prevalence of infection in the face of low cancer rates, which he called "The African Enigma". Similar observations have now been made in other geographic areas. Gastric carcinoma should be considered an infectious disease, for which the classical epidemiologic model of causality applies. The model proposes that tissue injury inflicted by the infectious agent is modulated by its interactions with host and environmental factors. Although approximately half of the world's population is infected, only a small proportion of people develop cancer. The African enigma is a striking example of the major contrasts in cancer risk among populations with similarly high prevalence of infection. The mechanisms involved in reducing the risk of cancer in infected individuals are explored in this article, which may lead to the design of effective prevention strategies.
Introduction
Marshall and Warren's seminal letters published in The Lancet in 1983 suggesting that gastric cancer could be related to Helicobacter pylori (H. pylori) infection opened an international scientific debate [1] . In 1992, however, Holcombe discussed the incongruence between the geographic distributions of the two entities [2] . He called attention to the "African Enigma" defined as a very high prevalence of infection but low incidence of gastric cancer [2] . Similar "enigmas" have been described in Malaysia, India, China, Colombia and Costa Rica, and is illustrated in Fig. 1 [3] [4] [5] [6] [7] [8] [9] . In 1994, the International Agency for Research on Cancer classified H. pylori infection as a Class I carcinogen for humans [10] . Since the infection is generally acquired in infancy or early childhood but invasive carcinoma is usually diagnosed five or more decades later, a prolonged precancerous process takes place. The process has been described as a cascade, and is illustrated in Fig. 2 [11] . It has been estimated that approximately 50% of the world's population carries H. pylori but only a small proportion (approximately one in 2,000 infected subjects per year) develop gastric cancer. The outcome of the infection varies considerably: from mild chronic sub clinical gastritis to peptic ulcer to gastric neoplasia. The almost inescapable conclusion of this scenario is that damage done by the bacteria to the gastric mucosa over decades is modulated by other etiological factors. They may be related to the oncogenic potential of the bacterial strain, the host's response to the infection or to the external environment. The African enigma, therefore, represents modulation of the inflammatory process initiated by the infection, towards a non-neoplastic outcome.
The available scientific evidence supports the role of the following factors, listed in order of their possible importance in explaining the enigma. The role of each factor will be briefly summarized, followed by a discussion of the evidence for their involvement in each geographic region.
Bacterial Oncogenicity
Helicobacter pylori are part of the normal biota of approximately 50% of the world's population. Throughout history, the bacterium has migrated with its human host. Both species apparently originated from Africa some 60,000 years ago. In modern times, typical strains representing geographic areas have been identified as European, African and Asian utilizing multiple locus sequence typing (MLST) of housekeeping genes [12] . The linkage of theses genotypes to cancer risk is not well understood. Most Asian strains are associated with higher cancer risk. African strains might be expected to correlate with the low cancer risk observed in most African populations but no convincing scientific evidence to support this assumption is currently available.
The role of H. pylori in determining disease outcome has been addressed. The attention has been focused on loci that increase the risk of disease, which was first recognized with the identification of the pathogenicity island [13] [14] [15] . By inference, bacteria without this island are associated with non-neoplastic outcomes. Size variation in the CagA protein has been attributed to the presence of variable numbers of repeat sequences in the 3' region of the gene. This variation has been linked to severity of disease and development of gastric cancer [16] . Homologous recombination within the 3'region of CagA causes arrangement of Glu-Pro-Ile-Ala (EPIYA) amino acid containing sequences in numbers and order. Depending on surrounding sequences, the EPIYA motifs have been classified as A, B, C, and D [17] . EPIYA D is only found in Eastern strains and may be associated with high cancer risk. Upon entering cells CagA is phosphorylated on EPIYA motifs by src and abl kinases and initiates diverse biological responses. Recently, Basso et al has shown that an increasing number of EPIYA-C motifs may increase the risk of gastric cancer [18] . VacA is another H. pylori virulence factor that has been studied in detail as a mediator of cancer risk. Polymorphisms in the signal (s), intermediate (i), and middle (m) region of VacA gene are associated with different disease outcome [19] . Another virulence factor, iceA, also has been shown to affect clinical outcome [20] . H. pylori outer membrane proteins bind to gastric epithelial cells and are essential for colonization and and related sialyl-Lewis x and sialyl-Lewis a antigens, respectively [21] . Gerhard et al have shown that presence of BabA in German clinical isolates positively correlates with gastric adenocarcinoma [22] . Giannakis et al reported that H. pylori isolates from the same individual taken 4 years apart during the progression from chronic atrophic gastritis to gastric adenocarcinoma showed microevolution. By mono-association studies in gnotobiotic transgenic mouse model these investigators showed that isolates obtained after the development of carcinoma interacted more intensely with mouse gastric progenitor (stem) epithelial cells. Cancer associated isolates also up regulated metabolic pathways and tumor suppressor genes associated with the development of gastric cancer in humans, in a manner distinct from the atrophic gastritisassociated isolates [23] . This underscores the importance of adaptation of strains and their genetic microevolution during disease progression.
The interaction of H. pylori with specific cell types causes diverse biological responses. In epithelial cells, H. pylori infection causes rearrangement of the cytoskeleton, trans-activation of EGFR and AP-1 and activation of signaling pathways. These pathways have both proliferative and anti-apoptotic effects. H. pylori induces gastric infiltration by neutrophils and macrophages that express inducible nitric oxide synthase (iNOS) that produces nitric oxide, which can be converted to reactive nitrogen species, leading to DNA damage and impairment of DNA repair [24] . H. pylori induces spermine oxidase (SMO) in epithelial cells and macrophages that generates hydrogen peroxide and causes DNA damage [25] . Survival of these damaged cells may lead to accumulation of genetic abnormalities and transformation.
Immune response
Most reports in humans and experimental animals agree that the immune response to H. pylori infection is predominantly pro-inflammatory or Th1 type. However, in Fig. 2 Schematic representation of the 2 main outcomes of Helicobacter pylori infection. Non-atrophic gastritis does not increase cancer risk. Multifocal atrophic gastritis represents the first step in the precancerous process, eventually followed by intestinal metaplasia and less frequently dysplasia and invasive neoplasia some patients there is clear predominance of a Th2 type response. The immune response to Helicobacter infection can be modulated in mice by co-infection with nematodes towards a Th2 type that protects against gastric atrophy, a precancerous lesion [26] . Such modulation is mediated by down-regulation of the Th1 cytokines TNF α and IL 1 β, and higher levels of the Th2 cytokines IL 4 and IL 10. [27, 28] . Therefore, this compound may also exert anticarcinogenic effects. Piperine (a compound from black pepper), and quercetine (a compound found in onion) can increase curcumin bioavailability and its effect. Onion consumption has been associated with lower gastric cancer risk in a Netherlands cohort study [29] . People living in the Indian subcontinent consume these ingredients daily and from a very young age. The possible influence of diet in determining oncogenicity of H. pylori is suggested by recent work demonstrating that high salt concentrations lead to higher expression of CagA [30] .
Diet
The diverse clinical outcomes of H. pylori infection may be influenced by dietary habits of the populations under study. It has been consistently shown that diets rich in antioxidants such as fresh fruits and vegetables decrease gastric cancer risk, emphasizing that oxidative stress and chronic inflammation may be one mechanisms by which H. pylori induces gastric cancer. Curcumin, an active anti-inflammatory compound in Indian spices, can inhibit NFkB complex activation and IL-8 induction in gastric cells infected with H. pylori
Genetic susceptibility
Helicobacter pylori infection induces chronic inflammation and expression of a variety of cytokines. Genetic polymorphisms in cytokine-encoding genes may affect the magnitude and type of the response. El-Omar et al have shown an association between IL-1 beta gene cluster polymorphism and gastric cancer in patients with H. pylori infection. The association is ethnicity-specific: evident in Caucasians but not in Asians [31] . Polymorphisms in tumor necrosis factor-α, IL-1, IL-6, IL-8, IL-10, TLR-4, COX-2, glutathione S transferase (GST), Toll-like receptor, mannose binding lectins and HLA have also been associated with increased risk for gastric cancer, gastric lymphoma and pre-neoplastic lesions [4, [32] [33] [34] [35] . The Indian enigma characterized by high prevalence of H. pylori infection but low frequency of gastric cancer might be related to host response to the bacterium due to genetic factors [36] .
It has been shown that genetic susceptibility factors interact with bacterial virulence factors to increase cancer risk. Figueiredo et al have reported odds ratio of 87 for gastric carcinoma for individuals carrying the susceptibility allele IL 1β 511 T, infected with bacteria carrying the Vac A s1 virulence allele [37] . However, the possible role of genetic susceptibility in explaining the African enigma has not been determined.
The enigma in Africa
After the original observations by Holcombe, investigators from several geographic areas confirmed high prevalence of the infection in the face of low frequency of gastric cancer [2] . A study in South Africa reported that the majority of isolates were CagA positive, VacA s1m1 genotype. The Cag A positive strains had the shortest fragment length in the 3' end region [38, 39] .
In sub-Saharan Africa, Mitchell et al. reported that the specific IgG subclass response to H. pylori infection is predominantly IgG1, suggestive of a Th2 bias [40] . The IgG1/IgG2 ratio was used to compare patients from Soweto to patients from Germany and Australia. The average ratio for Sowetans was 4.5, approximately 20 times higher than 0.242 for Australians and Germans. This immune modulation may be related to intestinal parasites.
The Asian enigma
Studies in Asian countries such as Thailand, India, Bangladesh, Pakistan, Iran, Saudi Arabia, Israel and Malaysia, have reported high frequency of H. pylori infection co-existing with low incidence of gastric cancer. The possibility that less virulent bacteria is more prevalent in populations at low risk while more virulent strains predominate in high-risk Asian populations needs to be investigated more thoroughly. Genotypic analysis of H. pylori strains from India showed virulent strains to be present in more than 80% of adults and children with gastroduodenal diseases and in control population [41] . Most patients with non-ulcer dyspepsia from India have antibodies to CagA in the serum [42] . In one study of 279 patients with gastric neoplasms (263 gastric carcinomas and 16 primary gastric lymphomas) and controls (101 non-ulcer dyspepsia and 355 healthy subjects) the frequency of anti-CagA IgG antibody was similar among gastric carcinoma patients and [43] . Dietary habits, especially the abundance of curcumin, could be one explanation for the Indian enigma. In eastern and southern India higher frequency of gastric cancer is observed. Rice is the staple cereal in eastern India. Non-vegetarian foods, particularly fish, are also very common in eastern Indian diet, which is also spicy and contains more salt [5] . Diet in southern India is somewhat similar to that in eastern India with an excess of rice, fish, and salt. In contrast, northern Indian diet is mainly wheat-based and a greater proportion of people are vegetarian. These findings suggest that dietary modification, though difficult, may be useful in chemoprevention of H. pylori related cancer.
The enigma in Latin America
Marked contrasts in the incidence of gastric cancer have been reported from Colombia. The inhabitants of the high altitude Andes Mountains have very high rates of gastric cancer, estimated in 1976 to be 150 per 100,000 inhabitants [44] . By contrast, the incidence rate for inhabitants of the coast, at sea level, was 2.8 per 100,000 [45] . In the south of the country, in the state of Nariño, high risk mountains population (Tuquerres) are only approximately 150 Mi apart from coastal low risk populations (Tumaco). The prevalence of H. pylori infection is high in both populations: ∼ 50% at age 2 and over 80% after age 10 [46] . The relative frequency of virulent strains is shown in Table 1 .
Major differences between these populations are also found in the diet: predominantly salty potatoes and beans in the mountains versus fresh fish, vegetables and fruits in the coast [47] . Studies comparing populations at high-versus low-risk for gastric cancer in Colombia have emphasized the predominance of a Th2 type response in the low risk populations, as shown by the high levels of IgE in the serum and by the predominance of eosinophilic infiltration in the gastric mucosa [47, 48] . These studies have postulated that in low cancer risk populations, a Th2 type response, related to the intestinal parasitism, may be protective. In support of this view, the prevalence of intestinal parasitism by helminthes is 50% in the coast versus 25% in the mountains Similar to Colombia, in Costa Rica, incidence rates of gastric cancer for inhabitants of the mountains (30 to 40 per 100,000) are higher than those from the coast (7 to 15 per 100,000). The prevalence of H. pylori infection is similarly high in both populations (63 to 73%). However, 79% of H. pylori isolates were CagA positive in the mountain population, compared to 54% in the coast.
Epilogue
The African enigma reflects the interplay of three major etiologic forces: the oncogenic potential of the specific strains of H. pylori, the modulation by co-infections of the immune response towards a Th 2 type and the abundance of antioxidant micronutrients in the diet. In the classical epidemiologic model these forces form a web of causation whose dynamics probably differs in the populations where the enigma has been reported. The oncogenic potential of the bacterium plays a prominent role in Latin America. The immune modulation by co-infection, most probably helminthes, plays a prominent role in Africa and in Latin America. The abundance of antioxidant micronutrients appears to be a dominant factor in India. The combined effect of these factors is clear in Latin America but most probably occurs in other populations.
Research on the specific factors that reduce cancer risk in populations where the enigma has been documented has the potential of identifying the mechanisms responsible for the reduced risk. Once identified, intervention measures can be designed to prevent gastric cancer. Prevention is the only hope of controlling this major health burden to humanity.
